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A.  affigoa 

for  eort&lu  oporatlona  tmdortakaa  'bjr  tho  Ufikf » it  iqxpoaro  doolrablo  to 
bo  ablo  to  oroet  a lov  firaqoozie/  vortical  antoima  rlolnc  to  altitodoo 
bojrond  that  vhero  eonvontiooal.  ci'oaad- sapper  ted  tower  stmetures  are 
feasible.  In  addition,  tbe  antenna  ehoald  be  portable,  tiaple  to  erect 
In  the  field,  and  perhaps  e]q>ondable. 

She  answer  to  the  spec  If  Icat  Ions  noted  Mgr  be  a lighter- thaa-alr  vehlele 
snpportlng  a cable  or  systen  cf  cables  to  serve  at  once  as  antennae  and 
tethering  lines,  Tbe  altjaatu  conflgsration  would  result  froo  study  of 
the  eharaeterlstles  of  two  prlnclpsO.  eoBQ>onents,  tbe  cables  or  aatenxiae 
and  the  siQ>porting  vehicle,  considering  those  variables  which  will  have  a 
significant  effect  on  satisfactory  perforeanoe  in  tbe  ll^t  of  the 
reqalreeests. 
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• aerodjmaaie  force  in  the  direction  of  the  relatire  vind,  pounds 

■ reeoltifflt  baojrent  force  of  ^s,  poonds 

■ ratio  of  balloon  mu  face  area  to  the  eqoare  of  the  diameter 
for  opherical  balloons 

> ratio  of  balloon  seam  length  to  the  diameter  for  spherical 
balloons 

■ ratio  of  balloon  Toltsee  to  the  cube  of  the  diaaeter  for 
spherical  balloons 

» aerodynaile  force  in  a direction  perpendicular  to  the  relatlTO 
wind,  povjids 

“ characteristic  area,  sqoare  feet 

» surfcuse  aurea,  sqoare  feet 

» balloon  reaction  in  a horlsontal  direction,  pounds  ('osviall^ 
net  horisontal  component  of  cable  tension) 

* balloon  reaction  in  a horisontal  direction,  pounds  (usuallx 
net  Tertical  component  of  cable  teni'lon) 

•<  wind  Telocity  in  the  free  stream,  feet/ second 

* balloon  Toluse,  cubic  feet 

• balloon  deadweight,  or  the  ail-up  weight  excluding  the  weight 
of  the  gee,  pounds 
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total  waicht  of  iBalleott  •nr«l(9«,  pounds 
weight  of  payload  (inetraMuta.  ete.),  pounds 
total  weight  of  balloon  reinforcing  ta]ies.  pounds 
balloon  dlaneter,  feet 

Tertleal  dlsplaeenent  of  balloon  froa  ecialllbrluai 

balloon  length,  feet 

balloon  sean  length,  feet 

dynaale  pressure  of  air.  pounds/ square  foot 

horisontal  dlsplaoenent  of  balloon  fron  equlllbrlun 

xmlt  weight  of  balloon  enrrelopa  fabric,  pounds/ square  foot 

unit  weight  of  rslnforoing  tapes,  pounds/foot  of  lesgth/lneh 

of  width 

ratio  of  distance  froa  nose  to  total  length  for  a etreaad.ined 
balloon 

ratio  of  radius  at  any  point  to  naziars  dlaneter  for  a 
streasllned  bsdloon 

angle  of  attack  of  a streanllnod  balloon,  degrees 

unit  lifting  foroe  of  gas  at  standard  conditions  at  sea  lerel. 

pounda/oublo  foot 

factor  to  allow  for  total  weight  of  streaailinsd  balloon  over 
the  bsMle  enrelope  weight 

half'^cone  an^e  for  spherical  balloon,  degrees 
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elevation  an^«  of  top  of  cable  aeainred  from  lover 
tetfaer  point 

•qoare  root  of  the  ratio  of  etMe  deneit/  of  air  at  altitude  to 
staae  density  at  eea  level 

ratio  of  the  length  of  a balloon  to  nazlana  dlaaeter 
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C.  MBAII3D  yA.rj7ii.  nigi 

1.  Introdmetlott 

It  Is  the  object  of  this  report  to  present,  in  ae  general  form  as 
possible,  the  analysis  of  the  iorcen  on  tethered,  llghter-thaa-eiir 
Tehicles  with  no  power  consuming  thrust  dswices  euid  to  investigate  the 
capabilities  of  such  vehicles  as  supporting  devices  for  a 2,500-foot  hi^ 
antenna  system  subject  to  conditions  described  in  Case  b,  reference  (1). 

In  order  to  establish  the  feasibility  of  non-povered  lighter- ttaan-«ir 
vehioles  as  antenna  supports,  it  Is  simplest  to  ezaaine  the  characteristics 
of  such  vehioles  considered  as  captive  balloons.  Immediately,  it  becomes 
apparent  that  tbs  total  lifting  forces  and  the  drag  forces  are  of  primary 
lapor«ance.  If  it  can  be  eetablished  that  such  a vehicle  which  will 
support  a given  cable  configuration  is  of  reasonable  sise  so  that  handling 
amd  maintenance  problems  are  not  prohibitive,  then  otlit  > balloon  chau'acter- 
ietics  may  be  considered.  Therefore,  the  emphasis  In  this  study  Is  on 
the  external  forces  which  act  i^ion  a captive  balloon  flyix^  under  a given 
set  of  conditions. 

2.  Torces  on  a Captive  Balloon 

yigure  1 rhowB  a captive  lightar-than-air  vehicle  in  a steady 
wind  blowing  parallel  to  the  ground.  The  balloon  is  assumed  to  be 
directionally  stable  so  that  the  resultant  forces  and  moamts  austing  are 
eoplanar.  In  addition.  It  is  assumed  that  the  syatea  oam  be  desired 
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•ueh  that  moment  equillbrinm  may  be  obtained. 

i L 


The  resultant  forces,  aerodynamic  lift  and  dra^,  the  buoyant  force,  and 
the  deadweight  are  shown  acting  through  a common  point.  This  is  not  the 
case  in  general,  bat.  In  stuping  only  the  nature  of  the  forces,  their 
distribution  Is  of  no  concern. 

(a)  Spherical  Balloon 

Considering  first  a spherical  balloon,  it  is  immediately  apparent 
that  the  aerodynamic  lift  is  exempted  from  examination  since  it  may  be 
taken  as  sero.  Only  small  lift  ■sariatlon,  which  may  be  neglected,  is 
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^nerated  when  tbe  balloon  daparts  from  the  exact  epherleal  font.  The 
aerodTnemle  dre^  of  a sphere  has  been  studied  throughout  a broad  range 
of  Beynolde  number  a,  and  neor  be  expressed  analytically  a* 


D - 4 S Op  (1) 

where  the  drag  coefficient.  Op,  may  be  obtained  from  any  suitable  source 
such  as  reference  2 (see  Tigure  112)  at  the  proper  Beynolds  nonber.  If  8 
is  interpreted  as  the  maximuD  crose-sectlonal  area,  eqpiation  (l)  Is 
written  In  terms  of  the  diameter 

B . I »-  Cj 


In  reference  3 a convenient  method  for  determination  of  the  Tolume  of  a fnll 
balloon  of  the  shape  shown  in  Figure  2 is  presented. 
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Ihs  Toltuw  is  ^T9n  in  rafsranes  3 

▼ - lY  d3  (3) 

where  le  plotted  in  Tlgare  A-30111-A*  shown  in  this  report  as  Tigorc  5. 
ae  a Amotion  of  the  cone  angle  2 0.  The  haojant  force  of  the  halloon 
ie  easlljr  obtained  at  anjr  desired  altitn.de  'by  multiplying  the  Tolme  of 
the  balloon  by  the  unit  lifting  force  of  the  particular  gas  need.  Thus 

^ /o  % d?  (4) 

Befarenee  3 eleo  prowides  a baeie  for  estisiation  of  the  wel^^t  of  the 
enTelope,  tapes,  harness  and  other  structural  components  for  a giTsa 
diameter  balloon  for  rarious  grades  of  fabrio.  The  total  surface  area 
and  seam  length  for  the  shape  shown  in  Tigure  2 is  easily  established  in 
terns  of  the  diamiBter  for  a glwen  cone  angle, 

S,  - d^  (5) 

1,  - Kg  d (6) 

¥b*Te  1^  and  Zg  are  obtained  from  f iguree  A-30112-A  and  A-30U3-A  rospaotiTsly 
of  reference  3.  shown  in  this  report  as  Tigores  6 and  7 respeotiwaly. 


CNOINCCniNS  OKNCNAt.  NCPOAT 


C0E7IQSHTIAL 


NO.  g it  tM  O.*!*. 


»r. 

cwkoKKD  mr_ 
wvtwco  av 


T TnBnn  T A 7. 

THE  KAMAN  AI^RAFT^ORPORATION 

WINDSOR  LOCKS.  CONN. 


PAO« 


11 


RSPORT  NO 

MOOCL 


0-6l< 


ANALYSIS  OP 


fb»  weight*  of  the  enrelope  and  seaofare  then 

«;  (7) 

¥,  • Is  d w,  (3) 

fhe  wel^t  of  the  suspenrii'?^  hf^r^sss  for  tethering  and  payload  suspension 
is  not  rigorously  established,  but  an  estlnate  which  increasee  the 
enrelope  and  tape  weight  by  two  percent  is  sufficiently  accurate  from 
study  of  data  presented  in  reference  3 on  typical  high  altitude  balloons. 

fhe  payload  is  a weight  iten  controlled  by  specification  and,  hezs:e,  the 
deadweight  of  a lighter -than-air  spherical  balloon  aay  be  esqpressed  as 

¥ • (¥k  + Wg)  1.02  + ¥p 

¥ = 1,02  d^  + Kg  dV^)  ♦ ¥p  {9) 

(b)  Strea&lined  Balloon 

¥u0u  a svreaffllined  balloon,  it  is  necessary  to 

include  the  aerodyzianlc  lift  contribution  to  the  vertical  force  along 
with  buoyant  force.  B^^cause  of  the  infinite  variety  of  foms  which  night 
be  conslderiid  for  use  as  a streamlined  balloon,  it  becomes  more  convenient 
to  think  in  terns  of  the  volxuse  rather  than  the  diameter  as  in  the  case 
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Of  ttae  Sphorical  Balloon.  Acoordlncly*  lift  and  dra^  ara  written 


L - q Cj^ 

(10) 

D « q 7^/3  Cj) 

(11) 

where  the  lift  and  drag  coefficients  are  obtained  from  any  suitable  source 
such  as  reference  4. 

The  buoyant  force  Is  slsqply  the  product  of  the  eolume  and  the  unit  lifting 
force  of  the  gas,  ttau 

“ V Cr</r  (12) 

A proper  estimation  of  the  deadweight  of  the  streamlined  balloon  Is 
cooplicated  considerably  by  the  infinite  Tarlety  of  shapes  that  might  be 
used  and  by  the  fact  that  allowance  must  be  made  for  the  weight  of  stabilising 
fins  of  Tarinble  slse  used  in  streamlined  shapes,  fortunately,  the 
enrelt^  wei^t  is  small  compared  to  other  forces  and  relstlTsly  large 
errors  here  do  not  significantly  effect  the  final  results.  However,  as 
a basis  for  estimation,  expressions  found  in  reference  5 nay  be  utilised, 
Bquations  (71)  and  (72)  in  reference  5 define  the  shape  of  a standard 
streamline  form  where  eqaatlon(Tl)  defines  the  shape  for  the  front  part 
of  the  balloon  and  equation (72) the  rear  part  of  the  body: 
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(»t/L)2  ♦ 0.16  « 0.16  (-  .40  - '^I'L  - 0)  (13) 


(^L)^  0.0679  y^  0.2921  y ■ 0.3600  (o£  ‘«*yi*-.6o)  (14) 

whsre  the  origin  for  x 1«  located  40)(  aft  of  the  noaa.  Botatlng  the  correa 
about  the  ^ - axis  result*  In  a solid  of  rerolutlon.  A slnple  Integration 
glTSs  the  Toluaie  In  teras  of  the  dlcuaeter  and  fineness  ratio,  l/d.  els 

T - .151  Y ^ d3  (15) 


Troa  reference  5.  S(|aatlon  (73).  the  wetted  area  Is  glren  as 


5.55  V 


▼1  ♦ 1.22 


Substituting  for  1 in  terns  of  the  fineness  ratio  and  d as  defined  by  equation 


(15),  equation  (16)  beeooes 


3.84  V X 


The  weight  of  the  basic  envelope  Is  then  simply  the  product  of  the  wetted  area 
and  the  unit  weight  of  fabric. 


In  addition  to  the  basic  enve]t  {>e.  other  Items  to  be  coneldered 
are  reinforcing  tapes,  suspension  ropes,  any  valuing  arrangements,  and,  most 
important,  the  stabilising  fins.  The  area,  hence  the  wei^t,  of  the  stabilisers 
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Is  larsely  a oatiar  of  stability  requirements,  )jat  beoause  an  approzisiatiooi 
of  the  balloon  welj^ht  to  ten  percent  aceoracy  is  needed  for  the  porpoee 
of  this  report,  it  seems  Justified  to  examine  som  model  oonflKurations  to 
determine  the  surface  area  of  fins  for  tyi>leal  configurations.  This  aodel 
study  permits  detemlnatlon  of  a factor,  , by  which  ths  basic  envelope 
weight  may  be  multiplied  to  aeccunt  for  ths  weight  of  fins,  ropes,  etc. 

Che  deadweight  of  the  streamlined  bsJLloon  nay  then  be  written 

¥ - 3.84 'y  t2/3  tr  Wp  (18) 

3«  Ceble  Reaction  forces.  Cj  and  ly.  of  a Captive  Balloon 

The  force  components,  T^  <uod  Ty,  represent  the  forces  which  must  be 
supplied  by  the  tetharlxig  cable  to  maintain  force  equilibrium  along  the 
vertical  and  horlsontal  directions  for  either  the  streamlined  or  spherical 
configuration. 

The  equilibrium  of  forces  in  the  vertical  and  horlsontal  directions 
Is  wrltton  as  (see  figure  1) 

- D - T,  • 0 (19) 

» L >»■  - 0 (20) 
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Flgora  1,  paco  8. 

lor  tbo  sptaorloal  balloont  nakln<  propor  sabatitationa  for  lift,  drac» 
bnoTsa*  foreo.  sad  dandwol^tf  o<ii>atioaa  (19)  sad  (20)  boeoaw 


j 

*r  - - 1.02  «wwi^d^  *at^)  - bp  (22) 

Siallarly,  for  tba  atraanllnad  balloon 

- q Op  (21a) 

»x  • + ▼^T  Jo  - 3.8471^/3-^  l/3or  _ ^ (22a) 
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4.  Balloo 


A tTpioal  oaloalatlon  la  porforaad  at  this  point  to  illnstrato  tba 
■athod  nsod  to  daternino  a balloon  also  for  oithar  a spherical  or  a atroaa- 
llnad  oaptiTO  balloonf  helitaH-fillad,  in  a 50  tnot  windo 
Oivan: 

U ■ 50  Itoota 

Wp  » 0 

dj^  “ *06l  Ib/ft^  for  balina  at  aaa  IotoI 
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Asffae  Q ■ 60^ 


Irm  rafcrtnee  3 

Zj  - .52626 

lA  - 3.1579 
Ig  - 1.5976 

tts  Reynolds  tmlisr  Is  cuTTlclsntljr  hl^  throndaoat  an  appx^ei&%l9 
dlaaisUr  jraogs  so  that,  fron  rafaranoa  2»  Tlgara  112, 


»■  l.i*d.2 

Ty  » (T/oZ^^  - 1.02  (VJUA^  " Wp 

- (.52628)  (.06l)d?  - 1.02  [_(. 0144)  (3.1579)d2 

♦ (.0027)  (1.5976)^ 

- .032d3  _ .046d^  - .004d 

fb0  oaoxTS  of  rartleal  varsas  boriiontal  force  is  plot^d  is  flcore  4 for 
soTsral  dlaaetars  with  no  paplaad. 

(b)  Hssnltant  Toroas  on  a Straaalined  Balloon 


Assoae  the  taariMSs  la  daslsned  to  operate  the  balloon  at  the  ancle 
of  attack  for  saxlmos  i,/0.  P^oa  refarenoe  4 
(hf  « 0.114 

Cj^  - 0.340 
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at  13  •1''  aoKis  of  at  took. 


Also  froa  roforoaeo  4 


^ . 1 . 122L^  . 3.6 

d 352.2 


tb0m 


»I  - q Od  t2/3 

- (8.5)  (.114) 

- .97 

^ - q Ci.t2/3  - 3.847t^/3t^/3<yr^  . I,p 

- <8 .5 ) ( .34o)T^^  ♦ .06lT  - (3 .84)  (1 .533)  (2)  ( .0l44)T^/3^^^ 

- 2.72  .061T 

vtaoro  tbs  onrolopo  woi^t  is  assusod  to  bo  doablod  bgr  tho  addltiOB  of 
flBSt  oto.<  that  is  ■ 2.0. 

ar 

Stao  eorro  of  rortioal  tarsus  horisontal  foreo  is  plotted  la  Ti^aro  4 for 
stroaislinod  ballo.oas  of  rarloas  Tolaaetric  eapasitios. 

(c)  Bosoltant  yorcos  on  a ftrpioaj.  Cable  ConfUora^tioa 

fbo  ronainias  oarros  appoariag  ia  Ti^oro  4 reprosont  tbs  Tariatioa 
ia  oablo  toasion  eosqioasats  for  typioal  throo>eablo  confl^orations  at  sariooa 
displacoaeats  froa  the  ori^n  which  is  located  at  tho  oquilibriaa  position 
ia  space  assoaod  bgr  ths  balloon  in  soro  wind.  Tbs  points  on  those  eorrou  haro 
boon  oalcolated  iisins  aothods  describod  in  roforonco  6.  The  cable  disposition 
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5.  Pi»ott*tlcn 

It  should  b«  aotsd  that  the  xxaaerle&l  results  presented  in  this 
report  represent  typicAl  eonflgoretlons  and  should  not  be  considered  neceseu^lx 
to  represent  the  optlami  without  further  study.  EoweTer.  as  far  as  the 
rehleles  are  concerned,  the  paraoeters  which  are  not  specified  but  are 
•ubjeot,  within  Units,  to  design  choice,  are  selected  as  being  nearly 
representatlTe  of  actual  conditions.  Therefore,  it  appears  that  no 
significant  perfonsance  etaanges  shonld  be  expected  in  the  detail  design  of 
either  a spherical  or  strecualined  balloon. 

The  cable  sjrstea.  which  oust  SBa>ply  the  reactions  to  Tshiels  loads. 

■sy  be  subject  to  a wider  wariatlon  in  the  loads  it  prodoees  dspendlng  upon 
the  function  of  the  cable,  its  orientation  with  respect  to  tbe  wind,  its 
initial  sag,  and  its  pfaysiesd  characteristics.  It  seens  probable  that  a 
snaller,  lighter  cable  than  that  chosen  for  illustration  would  lack 
svifflcient  hnsils  strength  with  a proper  nargia  of  safety,  particularly  for 
tbe  gust  condition  of  6?  knots. 

Thus,  as  is  Bade  apparent  in  figure  4,  because  of  its  extremely 
low  ratio  of  total  lift  to  drag  forces  in  a 50  knot  wind,  a spherical 
balloon  is  unsuitable  as  an  antenna  support  under  conditions  specified  under 
Case  B of  reference  (1).  More  generally,  the  sr^arlority  of  the  stresalined 
balloon  crer  a spherical  balloon  for  antenna-support  purposes  is  so  clearly 
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L 

' li^dleat«d  that  aphirloal  balloons  do  no  warrant  further  ccnalderation  under 

! 

anjr  conditions. 

Za  ths  oass  of  a single  cable  configuration,  Tabls  III  (d)  shows 
that  neither  a spherical  nor  a stresalinsd  balloon  way  be  nssd  as  an  antenna 
support  under  conditions  described  under  Case  B reference  (l)  because  a 
single  cable  nust  bo  carried  ezeesslvelj  far  downwind  before  the  tension  has 
an  upwind  oosponsnt  which  la,  of  course,  required  by  a support  Tshlels  with 
no  external  power  source. 

A atreanllned  balloon,  because  of  Its  greatly  reduced  drag  and  Its 
aerodynaalo  lift,  appears  satisfactory  as  an  antsnna  support  TSkiele  at  least 
for  a three-^ble  systew.  Tor  a typical  set  of  cable  loads.  Line  A of  figure  4, 
equilibrlua  of  a streanllned  balloon,  the  Tolune  of  which  may  be  easily  eosqmted 
using  equation  (21a),  Is  established  when  the  balloon  Iab  sored  approxlnately 
35  feet  downstrean  fron  the  origin.  The  rolune  of  the  bcaioon  Is  35000  feet^, 
which,  for  the  chosen  i igth~dlaaeter  ratio  of  3*6,  Is  98  feet  long  and  has 
a maxlsnim  dlaaeter  of  2?  feet.  The  question  may  arise  , after  study  of 
figure  4,  as  to  the  reason  for  the  choice  of  a bedloon  of  this  slss  when  It 
appears  that  a smaller  volune  of  21,500  feet^  could  be  utilised  by  allowing  a 
drop  of  50  feet  In  altitude  so  that  the  intersection  of  the  cable  eurre.  Line  C, 
with  the  streasillijed  balloon  ourre  occurs  at  point  C.  It  is  readily  seen, 
hcwerer.  that  the  direction  of  the  wind  has  a significant  effect  on  the  cable 
loeds.  This  becowes  app<  rent  from  oosiparlson  of  Line  A and  Line  A,  (figure  4) 
where  only  the  wind  dlractlon  Is  changed  frcm  one  case  to  another.  For  Line  A 
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whsr*  th«  wind  is  blowing  along  ono  enblo  with  tho  other  two  ■si^oetrleally 
displaced  downwind  (See  Tigore  3.  wind  dlreotlon  A)  the  resulting  loads  on 
a balloon  are  lower  than  for  the  case  Line  A*  whert'  the  wind  is  whlf  ted  180**. 
Making  a conserratiTe  allowance  for  Uda  fact  coupled  with  a 50  ft  drop  in 
altitude  leads  to  the  choice  of  a 35*000  ft^  streenlined  balloon  to  llait 
horisontal  dlaplaoenent  in  a fifty  knot  wind  to  less  than  200  feet. 

It  ahoold  be  enphasieed  here  that  the  specific  task  the  bsCLloon 
is  required  to  perfom  determines  its  slse  and  no  general  statenant  fdiioh  is 
perfectly  walid  for  all  cable  systesis  should  be  made*  aside  from  the  obrlons 
fact  that  a streifnlined  balloon  is  superior  in  every  case  to  a spherical 
shape.  It  is  clear,  howerer,  that  when  cable  loads  are  ccaipletely  established* 
no  difficulty  is  to  be  expected  in  selecting  a satisfactory  balloon  for  a 
supporting  vehicle. 
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B.  OOBCUJqOBS 

(1)  A •fttlafaotory  ««thod  !•  estubllshad  to  datoraln*  tha  aarodiniMile 
ctaaraotarlstlec  of  ll^t«r-thaA-«lr  noa>poworod  cmpttf  ballooBt  of  both 
■phorlcal  axid  strowal  Inad  ahapa* 

(2)  9ha  ratio  of  rartlcal  to  horiaontal  foreaa  doaa  not  al^lfleaatljr  . 
cbasea  for  a balloon  of  glren  roltiiM  nndar  glren  wind  conditions  for  aaall 
ehangas  in  detail  dasl^o  pco'esMtara. 

(3)  ^herioal  balloons  oiay  be  allalnatad  froa  eonaldaratlon  as  airboras 
antenna  support  Tehicles  \inder  conditions  of  Case  B,  raferax»a  (!)• 

(4)  Tor  a single  cable  configuration,  it  appesurs  that  neither  a 
streaalined  nor  a spherioal  beilloon  would  be  a satisfactory  support  under 
condition*  listed  under  Case  B,  reference  (1). 

(5)  A streamlined  balloon,  baring  a rolume  of  35*000  ft^,  a length  of 
98  feet,  and  a diaoeter  of  27  feet  weald  be  a satisfactory  antenna  support 
rehicle  under  condition*  listed  under  Case  B,  reference  (1). 
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